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Abstract
The pi, η and ρ exchange contributions to the cross-section for the reaction
pp → ppη near threshold are calculated, with a phenomenological descrip-
tion of the intermediate S11 (N(1535)) resonance for all exchange mecha-
nisms. The final state interaction in the pp system is described by real-
istic nucleon-nucleon interaction models. The sensitivity of the results to
the phenomenological models for the η-nucleon transition amplitude and the
nucleon-nucleon interaction is explored. The η exchange mechanism is found
to play a dominant role. The off-shell behavior of the ηN → ηN amplitude
within the η−exchange amplitude leads to a result significantly different from
that obtained with the constant scattering length approximation. The two-
nucleon amplitudes that are associated with the short range components of
the nucleon-nucleon interaction contribute significantly to the cross section.
I. INTRODUCTION
The experimental program at electron and hadron beam facilities as MAMI, GRAAL,
COSY, CELSIUS and SATURNE has brought considerable interest for a better theoreti-
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cal understanding of the η-nucleon interaction and the reaction mechanisms for η meson
production. The recent experimental results on the total cross section and the angular dis-
tributions for the reaction pp → ppη very near threshold [1–4] are very instructive in this
regard, especially as the angular independence of the cross section in the very near threshold
region reveals that the η-meson is produced by a pure S-wave mechanism.
A considerable number of studies of the reaction mechanisms for S-wave η-production
in pp collisions have been carried out. In most of these pion-exchange between the pro-
tons followed by excitation of an intermediate virtual N(1535) resonance (Fig.1) has been
invoked to describe the reaction mechanism and the empirical cross section [5–7]. We here
consider several additional contributions to the production amplitude besides those hitherto
considered. The set of reaction amplitudes considered here are illustrated by the diagrams
in Fig.2. These represent the one-nucleon term (Fig. 2a), the η- (Fig. 2b) and π- (Fig.
2c) rescattering terms, and finally the amplitudes implied by the short-range two-nucleon
amplitudes which have their origin in the small components of the nucleon spinors (Fig.
2d). The ”blobs” in Figs.2b and 2c represent the full scattering series for the meson-nucleon
transition amplitudes.
The present study addresses the following 4 main issues:
1) The sensitivity of the calculated cross-section to the off-energy-shell ηN scattering
transition matrix. This is motivated by the example of the ηd system, for which the ηd
scattering length and the correlated existence and position of a quasibound ηNN state de-
pend sensitively on the off-shell behavior of the ηN amplitude.
2) The contributions to the cross-section of the non-resonant two-nucleon amplitudes that
are implied by the short range components of the two-nucleon interactions. In the case of the
analogous pion production reaction pp→ ppπ0 these contributions, as derived from realistic
nucleon-nucleon interaction models, are much larger than the resonance contributions [8].
3) The relative weight of the π, ρ and η exchange mechanisms. Even in the case of a weak
ηNN coupling strength, the present calculation confirms the result of ref. [9], which found
the η exchange mechanism to be the dominant one. As for the magnitude of the ρ-meson
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exchange contribution, which is somewhat uncertain, here it is found to be non-negligible,
if the quark model is used to determine the ρNN(1535) transition coupling.
4) The dependence of the calculated cross section on the short range part of the NN
interaction. This is expected to be large for processes as the present one, for which the
effective momentum transfer between the nucleons is large.
A comment on the uncertainty in the magnitude of the η rescattering process is relevant
here: this uncertainty by itself motivates the present calculation, which attempts to narrow
it by taking advantage of the new experimental information on the pp→ ppη reaction. The
ambiguity is due to the uncertain value of the ηpp coupling constant, gηNN , which is needed
for the η production vertex in the process illustrated Fig. 2b. The realistic phenomenological
NN interaction models are not sufficiently selective of its value, which they only constrain
into the wide range between g2ηNN/4π = 0.25 and g
2
ηNN/4π = 7, set by the Nijmegen [11]
and one of the BONN [12] potential models respectively. Presumably, only extensions of
these models for energies above the meson production threshold will show more dependence
on the ηNN coupling. More ambitious attempts to calculate this coupling constant by QCD
sum rule methods are so far even less constraining [13].
The uncertainties that arise from the meson exchange description that is illustrated in
Fig.1 mainly derive from the lack of knowledge of the heavy-meson-nucleon-N(1535) transi-
tion couplings, which cannot be determined experimentally, as this resonance lies below the
threshold for decay into vector mesons and nucleons. In contrast, the sub-process scattering
amplitudes indicated by the blobs in Fig. 2b and 2c have been empirically determined in
[10,14,15].
The decomposition into partial waves τ jℓ (s) of the complete unitary series of the complete
unitary ηN → ηN transition amplitude, along with the πN → ηN transition amplitude,
was derived recently by Batinic´ et al. [10,14], who made a fit to all the available data on
the reactions πN → πN and πN → ηN . In ref. [15] fits were made along similar lines to
the empirical data for the reactions πN → πN , πN → ηN γN → πN and γN → ηN in
the energy range of about 100 MeV below and above the η production threshold. Another
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example of such work, but restricted to the πN → ηN amplitude, is given in ref. [16]. The
model of refs. [10,14] has subsequently been tested in a calculation of the cross section for the
reactions np → dη [17] and πd → ηNN [18]. The successful description of the differential
cross-section for the latter reaction, as measured at several energies [19], shows the quality
of the off-energy-shell features of this model. This justifies the use of it for the ”blob” in
Fig. 2b. For comparison, we used also the more recent models of the second work in ref.
[15].
The uncertainty range associated with the contributions that are associated with the
short-range components of the nucleon-nucleon interaction is determined by the uncertainty
range of the latter. That in the end turns out to be rather modest, however, as it is con-
strained by the requirement on the interaction models of a good description of pp scattering
data. These uncertainties are therefore far less decisive than the uncertainty in the two-
nucleon contributions that are associated with the excitation of intermediate N(1535) reso-
nances by heavy-meson exchange between the nucleons (Fig. 1). The uncertainty in these
amplitudes is due, besides to the uncertainty in the ηNN coupling constant, to the very
uncertain values of the heavy-meson-N(1535)-N couplings, as mentioned above. Thus e.g.
the suggestion that ρ-meson exchange excitation of the intermediate N(1535) is completely
model dependent [20].
This paper is divided into 5 sections. In section 2 we describe the amplitudes that are
assumed to contribute significantly to the cross-section. In subsection 2.a the single nucleon
amplitude is described. In subsection 2.b a description of the π and η exchange contributions
follows. Subsection 2.c contains a description of the short-range exchange amplitudes that
are associated with the nucleon-nucleon interaction. Subsection 2.d describes the ρ-exchange
matrix elements. In section 3 details on the calculation are given. The numerical results for
the cross section are given in section 4. Finally, section 5 contains a summarizing discussion.
II. THE η− PRODUCTION MECHANISMS
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A. The single nucleon amplitude
The phenomenologically satisfactory Gell-Mann-Oakes-Renner relations [21] suggest that
the octet of light pseudoscalar mesons, π,K, η, are the Goldstone bosons of the broken
approximate chiral symmetry of QCD. Chiral symmetry combined with SU(3)F symmetry,
then requires that the coupling of η−mesons to hadrons take the form
L = − 1
fη
∂µηA
8
µ, (1)
where A8µ is the eight component of the axial vector current density of the hadron and fη
is the η−meson decay constant. The empirical value of fη is very close to that of the pion
decay constant (∼93 MeV). Production of η mesons in S−waves in nuclear reactions is then
governed by the axial charge operator A80.
The i=1,2 components of the axial charge operator are known to have significant two-
nucleon components, which are implied by the nucleon-nucleon interaction [22,23]. These
give a large contribution to the cross section for the reaction pp→ ppπ0 near threshold [24].
As the difference between A±0 and A
8
0 only is due to the difference between λ± and λ8, it
follows from (1) and the Goldberger-Treiman relation that the pseudovector ηNN coupling
constant should take the value
fηNN =
gA
2
√
3
mη
fη
≃ 2.11. (2)
Here gA is the axial coupling constant of the nucleon (gA=1.24). For the corresponding
pseudoscalar coupling constant gηNN = 2(mp/mη)fηNN one then obtains the value 7.23,
which is only slightly larger than the value 6.14, which is employed in the Bonn B model
for the nucleon-nucleon interaction [12]. As shown below such a large value for the ηNN
coupling constant would not allow a satisfactory description of the experimental cross section
for η−meson production in pp collisions. Only if the coupling constant is reduced to about
a third of this value, which is the value that has been used in phenomenological descriptions
of eta photoproduction [25], does a satisfactory description become possible. This indicates
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that large SU(3)F breaking corrections play a significant role in the chiral Lagrangian (1)
in the case of the heavier members of the pseudoscalar octet [13]. Indeed, if in (2) mη were
replaced by the pion mass, as strict SU(3) symmetry would require, the desired smaller
value for gηNN would be obtained.
From (1) it follows that the amplitude for production of an S − wave η−meson from a
single (off-shell) nucleon may be written as
T imp = ifηNN
ωη
mη
~σ · (~p ′1 + ~p1)
2mp
δ(~p ′2 − ~p2) + (1↔ 2). (3)
Here mη andmp are the masses of the η−meson and the proton respectively, ωη is the energy
of the η−meson, and ~pi and ~p ′i (i = 1, 2) are the initial and final nucleon momenta.
B. The piN → ηN and ηN → ηN transitions and the rescattering amplitudes
The explicit form of the amplitude for a transition aN → bN , where a and b represent
the initial and final mesons, may then be expressed in terms of Lorentz invariant amplitudes
A and B as
t±aN→bN = −A±(s, t, u) +
1
2
(q/a + q/b)B
±(s, t, u), (4)
where qa and qb are the 4-momenta of mesons a and b respectively and s,t and u are the
three invariant (Mandelstam) kinematical variables.
For the πN → ηN and ηN → ηN scattering amplitudes we employ the variable-mass
isobar model described in [18,26]. In this model the spin-1
2
and spin-3
2
resonances are given
a mass parameter that is set equal to
√
s, the invariant mass of the system. The meson-
nucleon-isobar couplings are given expressions appropriate for scattering in states with the
orbital angular momentum ℓ± = j ± 12 .
The explicit form of the transition amplitude becomes then
taN→bN = f
1/2
0 (s)(P/ +
√
s ) + f
1/2
1 (s)(P/−
√
s )
+f
3/2
1 (s)(P/ +
√
s )[−qa · qb + q/aq/b
3
+
2P · qaP · qb
3s
− P · qaq/b − q/aP · qb
3
√
s
]
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+f
3/2
2 (s)(P/−
√
s )[−qa · qb + q/aq/b
3
+
2P · qaP · qb
3s
+
P · qaq/b − q/aP · qb
3
√
s
],
(5)
where s = P 2, and P is the total four-momentum of the meson-nucleon subsystem.
As shown in refs. [18] and [26], the matrix elements u¯2(~p
′
2)taN→bNu2(~p2) in the two-body
c.m. frame are such that the functions f jℓ (s) are directly related to the phenomenological
partial-wave elastic amplitudes in the case a = b and to the partial-wave transition ampli-
tudes when a 6= b. Note that Eq. (5) is generally valid also when any of the four particles
in the πN → ηN amplitude are off-mass-shell.
The ηN → ηN and πN → ηN partial-wave transition amplitudes for the S11, P11, P13,
and D13 channels were taken from Batinic´ et al. [10,14]. To study the sensitivity of the
results to this input we also included the ηN → ηN transition amplitudes given in ref. [15].
The πN → πN partial-wave amplitudes for the S11, S31, P11, P31, P13, P33, D13, and D33
channels were taken from ref. [27]. For the η and π exchange processes the meson amplitudes
were restricted to the dominant S waves.
For the S-wave meson production amplitudes in the elastic case a=b one has (see e.g.
ref. [28])
[A(s)− (√s−mN)B(s)] = 16πs
2
(
√
s+M)2 −m2η
f0(
√
s), (6)
with
A(s) = −B(s)(mN +
√
s). (7)
At the physical threshold,
√
s = mN + mη, the ηN → ηN strength to be included in the
construction of the η exchange amplitude that corresponds to the diagram 2.b becomes
proportional to the scattering length a0 = f0(mN +mη):
A
(
(mN +mη)
2
)
−mηB
(
(mN +mη)
2
)
= 4π
(
1 +
mη
mN
)
a0. (8)
As in the present model the loop integration for the final-state interaction runs over the
available energy for the ηN isobar, it is natural to define an energy dependent strength as
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λη1(s) =
mη
2
[A(s)− (√s−mN )B(s)], (9)
to be inserted into the expression for the rescattering diagram. The latter then becomes
T η = i
gηNN
2mN
8πλη1(s)
mη
~σ2 · ~k
m2η +
~k2 − ω2k
f(~k2) + (1↔ 2). (10)
Here (~k, ωk) is the 4-momentum of the exchanged η meson emitted from a nucleons of initial
and final three-momentum pi and p
′
i (
~k = ~p2 − ~p′2 and ωk =
~k2·(~p2+~p′2)
2mN
). In the calculations,
the η-nucleon invariant mass s is obtained by subtracting the energy of the spectator nucleon
from the total energy of the NNη system. The phenomenological form factor f that dampens
out high values of the exchanged momentum is parametrized as in the Bonn B potential
model [12]:
f(~k2) =

Λ2η −m2η
Λ2η +
~k2

 . (11)
Here the η cut-off mass is Λη = 1.5 GeV.
Analogously, the π exchange diagram takes the form
T π = i
gπNN
2mN
8πλπ1 (s)
mπ
~σ2 · ~k
m2π +
~k2 − ω2k
f(~k2) + (1↔ 2), (12)
where λπ1 is given by an equation analogous to Eq. 9, but in which the kinematic factors of
Eq. 6 are defined by
A(s)− (√s−mN)B(s) = 4π 2
√
s√
(E1 +mN)
√
(E2 +mN)
f0(
√
s), (13)
with the nucleon energies given by
E1 =
s +m2N −mπ
2W
, (14)
E2 =
s+m2N −mη
2W
. (15)
The relative sign between λη and λπ is not fixed by unitarity [9]. The SU(3) flavor
symmetric quark model gives a negative sign for it [29]. As shown below in Section 3 the
influence of this sign on the total cross-section of the pp→ ηpp is not significant because of
the small effect of the pion-rescattering diagram.
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C. Short-range exchange contributions
The contributions to the axial exchange charge operator that is associated with the
short-range components of the nucleon-nucleon interaction have been derived in refs. [22,24]
These contributions are derived as the nonrelativistic limit of the nonsingular part of the
axial current 5-point function with external leg couplings. In the case of non-derivative
couplings such terms only arise from the negative energy poles in the nucleon propagator
and are therefore commonly illustrated by the nucleon-antinucleon “pair currents” Feynman
diagrams in Fig.2d. The ultimate reason for the appearance of these terms is the Poincare´
invariance of the 5-point functions [30].
Because of the derivative pseudovector coupling for both the π and the η, no such two-
nucleon operators contribute to the η production operator in the reaction pp→ ppη, which
would be directly associated with the π- and η- exchange components of the nucleon-nucleon
interaction. The isospin independent effective scalar and vector exchange components of the
nucleon-nucleon interaction do however give rise to two-nucleon meson production operators.
A key point is that these operators are completely determined by the interaction model, and
involve no parameters that are not already present in the NN interaction, besides the overall
η-nucleon coupling.
The isospin independent scalar exchange contribution to the two-nucleon η-production
amplitude may moreover be derived directly, without reference to the 5-point function, in
the following way. Consider the isospin independent scalar exchange component of the nu-
cleon-nucleon interaction, which is proportional to the Fermi invariant “S”. To second order
in v/c, this interaction takes the form
v+S (r)S = v
+
S (r)
(
1− ~p
2
m2N
)
− 1
2m2N
∂v+S
r∂r
~S · ~L , (16)
where v+S (r) is a scalar function. The ~p
2/m2 term in the spin-independent part of this
interaction may be combined with the kinetic energy term in the nuclear Hamiltonian, by
replacing the nucleon mass by the effective “mass operator”
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m∗(r) = mN
[
1 +
v+S (r)
mN
]
. (17)
To first order in v+S (r), the scalar component of the nucleon-nucleon interaction therefore
implies the following two-body “correction” to the single nucleon η production operator:
T2(S) =
v+S (r)
mN
T1(S) + (1→ 2) . (18)
Here the spin-operator in T1(S) is implicitly assumed to be that of nucleon 1 of the interacting
pair of nucleons. This operator coincides in form with the scalar exchange operator derived
in Refs. [22,23]. The corresponding momentum space expression is
T2(S) = −ifηNN ωη
mη
v+S (k2)
mN
~σ1 · ~v1 + (1↔ 2) . (19)
Here v+S (k) is the Fourier transform of the scalar potential v
+
S (r) and ~v1 = (~p1 + ~p1
′)/2mN .
This operator is completely determined by the nucleon-nucleon interaction model. Note that
because the volume integral of the scalar exchange interaction is attractive in all realistic
nucleon-nucleon potentials, this exchange current contribution implies an enhancement of
the cross section over the value given by the single nucleon pion production mechanism.
The expression for the isospin-independent vector exchange contribution to the axial
charge operator as derived from the 5-point function has been given in Refs. [22,23]. This
leads to the following amplitude for η−meson production:
T2(V
+) = −ifηNN
mη
v+V (k2)
mN
(
~σ1 · ~v2 + i
2mN
~σ1 × ~σ2 · ~k2
)
+ (1↔ 2) . (20)
Here v+V (k) is the isospin independent vector component of the nucleon-nucleon interaction.
The corresponding contribution to the η−meson production amplitude that is associated
with the isospin part of the vector exchange component of the nucleon-nucleon interaction
is
T2(V
−) = −ifηNN
mη
v−V (k2)
mN
(
~σ1 · ~v2 + i
2mN
~σ1 × ~σ2 · ~k2
)
~τ 1 · ~τ 2 + (1↔ 2) . (21)
This term is numerically less important than the previous one that is associated with the
isospin independent vector exchange interaction, because the latter interaction is by far the
stronger in all realistic nucleon-nucleon interaction models.
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D. The N(1535) resonance and ρ−meson exchange
Above the contribution from virtual intermediate N(1535) resonances, that are excited
by π exchange between the two protons, was incorporated into the scattering amplitude
factor λπ1 (s) (12). Virtual intermediate N(1520) resonances may, however, also be excited
(or de-excited) by ρ-meson exchange (Fig. 1). It has in fact been suggested in ref. [20] that
ρ−meson exchange gives a much larger contribution to the η−meson production amplitude
than π exchange. This argument was based on a comparison of photoproduction amplitudes,
which, however, do not make any allowance for the mass of the ρ−meson.
To derive this ρ-meson exchange amplitude, we employ the transition Lagrangians
LηNN(1535) = i
f
(1535)
ηNN∗
mη
ψ¯(1535)γµ∂µηψ + h.c., (22)
LρNN(1535) = ig(1535)ρNN∗ ψ¯(1535)γ5[γµ −
m∗ +mN
m2ρ
∂µ]~τ · ~ρµψ+h.c. . (23)
Here m∗ denotes the mass of the N(1535), mρ the mass of the ρ-meson and mN the nucleon
mass.
The expressions for the two ρ-meson exchange amplitudes, which corresponds to the two
Feynman diagrams in Fig. 1 are, respectively,
T1(ρ) = i
f
(1535)
ηNN∗
mη
gρNNg
(1535)
ρNN∗
ωη
2mN
~τ 1 · ~τ 2
m2ρ + k
2
2
f(k2)
~σ1 · ~k2 − i(1 + κρ)(~σ1 × ~σ2) · ~k2
m∗ − iΓr/2−mN − ωη ,
(24)
and
T2(ρ) = i
f
(1535)
ηNN∗
mη
gρNNg
(1535)
ρNN∗
ωη
2mN
~τ 1 · ~τ 2
m2ρ + k
2
2
f(k2)
~σ1 · ~k2 − i(1 + κρ)(~σ1 × ~σ2) · ~k2
m∗ − iΓr/2−mN + ωη/2 .
(25)
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Here gρNN is the ρNN vector coupling constant and κρ is the ratio of the corresponding
tensor to vector coupling constants. The coupling constant g
(1535)
ρNN∗ is that for the ρNN(1535)
transition coupling and f
(1535)
ηNN∗ is that for the ηNN(1535) transition coupling. The resonance
width is denoted Γr respectively.
The ηNN∗(1535) coupling constant may be determined directly from the decay width
for N(1535) → Nη. This gives the value f (1535)ηNN∗ = 1.7 [8]. The ρNN(1535) transition
coupling constant g
(1535)
ρNN∗ cannot be determined in the same way, as the N(1535) lies below
the threshold for Nρ decay.
For the determination of the ρNN(1535) coupling constant we invoke the static quark
model, which relates the resonance transition coupling constants to the ρNN coupling con-
stant gρNN . Employment of the schematic covariant 3-quark model for the baryons of ref.
[31], which reproduces the empirical baryon spectrum up to ∼ 1700 MeV satisfactorily, leads
the following relation [32]:
g
(1535)
ρNN∗ = −
√
2
9
m2ρ
ωmq
e−k
2/6ω2gρNN . (26)
Here mq is the constituent quark mass and ω is an oscillator parameter for the orbital wave
functions, the value of which is ω = 311 MeV. In this expression ~k is the momentum of the
virtual ρ-meson. If it is set to 0, which is motivated by the fact that the ρ-meson is not far
off shell, the relation (26) gives the value g
(1535)
ρNN∗ = −0.88gρNN , with mq = 340 MeV.
III. CROSS-SECTION AND DISTORTION IN THE NUCLEON-NUCLEON
STATES
The total cross section for the reaction pp → ppη may be expressed in the following
form after integration over the delta function for conservation of total four-momentum, if
relativistic three-particle phase-space coordinates are employed:
σT lab[µb] = 10
4(h¯c)2
m2N
4p0Ep0
m2N
4π3
∫ qmax
0
q2dq
k′
ωqW ′
| < ψ−pf |M(q)|ψ+p0 > |2. (27)
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Here the amplitude M(q) is given in units of MeV−3 and contains the symmetrization factor
√
2 along with the spin average factor 1/4. The initial on-shell relative nucleon-nucleon
momentum is p0 = mNTlab/2 and the CM energy is W =
√
4m2N + 2mNTlab. The maximal
η momentum is
qmax =
1
2W
√
(W 2 − 4m2N −mη)2 − 16m2Nm2η. (28)
The final relative nucleon-nucleon three-momentum in the three particle CM system is de-
noted pf . Upon boosting to the NN rest frame pf becomes k
′ (which does not differ much
from pf for small eta momentum q). Furthermore W
′2 = 4(m2N + k
′2) = W 2 +m2η + 2Wωq
is the corresponding energy squared, and ωq is the energy of the emitted η-meson: ωq =√
q2 +m2η. The matrix elements of the operators derived in section 2,
M = T imp + T η + T π + T2(S) + T2(V ), (29)
were calculated in momentum space, which allows the non-local terms in the operators, and
the energy dependence arising in the propagators of the exchanged mesons, to be handled
without approximation. In principle one has to use the amplitude distorted by the initial
and final state interactions described by the nucleon-nucleon T matrix in the expression for
the cross section:
< ψ−pf |M |ψ+p0 >=< ψ−pf |T imp + T η + T π + T2(S) + T2(V )|ψ+p0 >, (30)
with
< k|ψ+p0 >=
δ(k − p0)
k2
+
< k|T (Ep0)|p0 >
Ep0 −Ek + iǫ
, (31)
and
< ψ−pf |k >=
δ(k − pf)
k2
+
< pf |T (Epf )|k >
Epf −Ek + iǫ
. (32)
We have employed the Bonn and Paris potentials to calculate the nucleon-nucleon T-
matrix in the final 1S0 nucleon-nucleon state. The poor knowledge on the form of the
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potential above the pion production threshold ( 300 MeV) makes the issue of the distortion
in the initial 3P0 state is more problematic ( the threshold for η production is 1258 MeV).
Instead of extrapolating the potentials mentioned above to that region, in the absence of a
more realistic extension, for the initial state we used the model of ref. [33], as done in ref.
[9]. This reference gives the ratio of distortion in final and initial states to distortion in final
state only, as defined by state distortion factors,
fISI =
∫ qmax
0 q
2dq k
′
ωqW ′
| < ψ−pf |M |ψ+p0 > |2∫ qmax
0 q
2dq k
′
ωqW ′
| < ψ−pf |M |φ+p0 > |2
, (33)
to be 0.3, a value that will be used here. The function φ+p0 in equation (33) denotes a plane-
wave for the initial state. The fact that the reduction factor is constant can be explained by
the flat behavior of the NN T-matrix at high energies [34]. This effect by the initial state
interaction cannot be discarded if one wants to extract information on the poorly known
value of the g2ηNN/4π coupling constant.
IV. NUMERICAL RESULTS
In Fig. 3 the calculated cross section for the pp → ppη reaction as obtained from the η
exchange amplitude, that is represented by the diagram in Fig.2 b, is shown. The empirical
values in this and in the following figures are those given in ref. [2,3]. The solid curve in
Fig 3 gives the result that is obtained with the off-shell ηN → ηN amplitude with energy
dependence. The dash-dot-dotted curve gives the corresponding result obtained in turn with
an energy independent amplitude, of constant strength fixed at the physical threshold by the
scattering length. The comparison in Fig. 3 shows that the scattering length approximation
gives rise to an overestimate of a factor of 6 of the calculated cross section. This striking
overestimate indicates that the choice in ref. [35], of using the real part of this scattering
length to determine the interaction strength is unrealistic.
The η-exchange result was calculated with the value g2ηNN/4π = 0.4 for the η−nucleon
coupling constant. This is the value that was obtained by a fit to experimental η pho-
toproduction data in ref. [25]. By scaling up the results to correspond to the one order
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of magnitude larger coupling constant value that is consistent with the Bonn potential we
find complete agreement with the calculation of ref. [9], where the same phenomenogical
ηN → ηN amplitude was used.
Fig. 3 also illustrates that there is a positive interference between the one-nucleon term
and the η-exchange diagrams as shown by the short-dashed curve. Once the interference term
is taken into account, the emerging result is close to the result of the η-exchange diagram
alone, if calculated with a constant strength fixed by the scattering length (dash-dotted
line).
In Fig. 4 we show the effect of including the contribution of the pion exchange mechanism,
when it is added to the sum of the contributions of single nucleon and η−rescattering diagram
(dot-dashed line). The π exchange contribution amounts to a ∼ 15% increase, if the relative
sign between the π and η exchange amplitudes is taken to be positive. In Fig. 4 the short-
dashed curve has the same meaning as in Fig. 3. The full line represents the result of
including in addition the ρ-exchange contribution.
In Fig. 5 we show the effect on the calculated cross section when the contributions of
the short range exchange mechanisms that are associated with the nucleon-nucleon inter-
action model are added to the previously considered contributions. In Fig. 5 the short-
dashed line refers to the cross section that corresponds to the impulse + rescattering dia-
grams as in the previous figures, and the short-dot-dashed line to the impulse + rescatter-
ing + short-range amplitudes. The addition to the impulse and rescattering diagrams of
the short-range amplitudes that are associated with the isospin independent scalar (”σ”)
and vector (”ω”) exchange components of the nucleon-nucleon interaction implies a cross
section that is 9 times larger than before. The π exchange diagram, when added to the
impulse+rescattering+short-range amplitudes (dotted line) pushes the cross-section even
higher, although some cancellations which occur between the short-range amplitudes and
the π-exchange reduce the effect of the last one from 15%, as in Fig. 4, to only 5%. The
short-range mechanisms also interplay with the ρ-exchange contribution, lessening its net
effect, which nevertheless remains non-negligible (solid line). If, however, the ratio between
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the ρNN and the ρNN(1535) coupling constants is taken the same as the ratio of the πNN
and the πNN(1535) coupling constants (≈0.18) the ρ−exchange contribution becomes neg-
ligible so that the final result cannot be distinguished from the dotted line. We consider the
results obtained for the ρ-exchange with a quark model based ρNN(1535) coupling constant
to represent an upper bound for the ρ contribution. The calculated results shown in Figures
3-5 were obtained by using the Bonn B potential [12] along with the ηN scattering model of
reference [10].
To show the sensitivity of the calculated cross section values to the nucleon-nucleon
potential model, we in Fig. 6 compare the effects of two different NN interactions (Paris
[36]: dashed lines and Bonn B [12]: solid lines) to describe the final state, displaying the
uncertainty band originated by the different short-range behavior of the NN interaction. In
ref. [15] five different models for the ηN → ηN transition were given. In Fig. 6 the results
are shown for the Bonn B and the Paris NN potentials when model A of the second reference
in [15] is used to describe the ηN−ηN transition as well as when the model of reference [10]
is used. As to the other models for the amplitude considered in ref. [15], we have verified
that models B and C fail to describe the pp → ppη process. Coincidentally or not, these
models correspond to a larger data set and give a poorer overall fit to the meson-nucleon
amplitudes considered in that work. It is worth mentioning that according to [15] a worse
description for the γN → πN transition is given by models B and C. As for model D of the
same reference, we have checked that the corresponding results for the pp→ ppη reaction are
close to those obtained with model A, and lie in the middle of the two uncertainty regions
in Fig. 6, defined by the two border lines relative to the same NN potential model.
V. CONCLUSIONS
The present investigation suggests the following main conclusions:
1) The cross section of the reaction pp → ppη in the energy region near the threshold
for the η−production is very sensitive to the off-energy-shell ηN scattering transition ma-
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trix. This sensitivity allows discrimination between extant phenomenological models for ηN
scattering. The same sensitivity is observed in the ηd interaction, more specifically in the
magnitude of the ηd scattering length and the correlated existence and position of an ηNN
quasibound state [17].
2) The non-resonant two-nucleon amplitudes, the presence of which is implied by the
short range components of the two-nucleon interaction, give significant contributions to
the cross section of the reaction. The situation is in this sense similar to the case of the
corresponding reaction pp → ppπ0. These contributions, as derived from realistic nucleon-
nucleon interaction models, are moreover much larger than the resonance contribution.
3) The contribution of the π exchange mechanism does not dominate over that due to
η exchange - not even in the case of a very small ηNN coupling. In ref. [9] one of the same
phenomenological models for ηN → ηN scattering ( [10]) that were considered in this work
was employed in a calculation of the cross section for η production in proton-proton collisions.
When the present calculation was done with the same restricted input, the results agreed
with that in ref. [9], and thus confirm the finding of that reference as to the dominance of
the η-rescattering amplitude. The small importance of the π-exchange rescattering diagram
relative to the η-exchange lessens the importance of the problem of the relative sign between
the ηN → ηN and ηN → πN amplitudes, which is not fixed by unitarity.
4) Only with a value for the ηNN coupling constant considerably smaller than those
used in the earlier realistic nucleon-nucleon potentials is it possible to obtain a satisfactory
description of the cross section of this reaction with the present model. Here the same value
for the coupling constant was used as in the analysis of η photoproduction data in ref. [25].
5) The ρ-exchange contribution is significant if the ρNN(1535) coupling constant ob-
tained in the constituent quark model is employed.
6) The effect of the nucleon-nucleon interactions in the final and in the initial states are
important. In the numerical calculations the large reduction from the initial state interaction
may appear masked as it may be partially compensated by the effect of using a constant
strength for the ηN → ηN transitions. The latter procedure was found to represent a poor
17
approximation, once final and initial state interactions are fully included.
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FIGURES
Figure 1 - Meson-exchange mechanisms that contribute of the reaction pp→ ppη.
Figure 2 - Diagrammatic representation of the amplitudes that have been considered in
this calculation. Figs. 2a, 2b, 2c and 2d are the single nucleon, the η rescattering, the π
rescattering and the short-range mechanisms respectively.
Figure 3 - Contribution of the η exchange diagram to the cross-section of the pp→ ppη
reaction. The solid line curve corresponds to a calculation with an off-shell ηN-ηN amplitude
with energy dependence and the dash-dot-dotted one to a calculation where the ηN-ηN
amplitude strength has its value proportional to the physical scattering length. The short-
dashed curve refers to a calculation where the impulse term is added to an η-exchange
mechanism built from an off-shell energy dependent ηN → ηN amplitude. The data points
in this and in the following figures are those given in refs. [2,3].
Figure 4 - The contribution of the π-exchange diagram to the cross-section of the pp→
ppη reaction. The short-dashed curve has the same meaning as in Fig. 3. The dotted-dashed
curve includes π-exchange. The full line includes the ρ-exchange.
Figure 5 - Contribution of the short-range mechanisms to the cross-section of the
pp → ppη reaction. The short-dashed line has the same meaning as in Figs. 3 and 4,
and the short-dot-dashed line refers to a calculation with the impulse+rescattering+short-
range amplitudes. The dotted line includes also π exchange and the full line all mechanisms
including the ρ-exchange.
Figure 6 - The calculated total cross-section of the pp → ppη reaction as a function
of the energy within the models considered in this work. The comparison between the
calculations with the Paris (dashed lines) and the Bonn potential (solid lines) for the final
state interaction is made. Distinction between the ηN amplitude of reference [10] and the
one from model A in the second reference of [15] is shown.
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